NTA films worn on a human phantom were exposed to several neutron sources (average energies ranged from 0. 7 MeV to 4.4 MeV) and to stray neutrons of the Bevatron. Responses of NTA films were obtained in terms of proton track density per mrem, a convenient expression for dose e·quivalent evaluation in personnel neutron monitoring. The responses obtained were 3.9 t/cm 2 -mrem for 252 cf fission neutrons, 9.2 t/cm 2 -mrem for PuBe neutrons, and 11.9 t/cm 2 -mrem for Bevatron neutrons.
INTRODUCTION
As an application of nuclear track emulsions to the field of health However, in most practical cases of neutron monitoring, the neutrons to be measured are usually not monoenergetic but distributed in a wide energy range. Moreover,· the direction of neutron incidence on the human body. is not £ixed; a:nd during the exposure period, the human body ha:s been acting as both· a reflector and a shield on incident neutrons. · Then, a question arises -."How can the exposure dose be e~aluated from the proton track density observed in the NTA film worn on the human body? "
To answer the question, neutron exposures to NTA film packets on a human phantom and in free air were made using s.everal kinds of neutron sources and Bevatron neutrons. Then, the relation between the dose equivalent exposure and the proton track density in the film was studied with various average energies of neutrons.· In addition, the statistical error in proton track counting is discussed. Based on this discussion, the detectable liiriit of dose equivalent in personnel neutron monitoring with N TA films was determined.
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• PuBe. Bevatron neutrons were also used as typical accelerator neutrons. The neutron sources used are listed in Table 1 counter.
In the case of the exposure at the Bevatron, the neutron flux density did not remain constant during the exposure period; therefore, the neutron fluence exposure was measured instead of neutron flux density.
* BF 3
proportional counter utilizes a 6.3-cm-thick paraffin moderator, and has a flat response. to neutrons of energies up to 20 MeV.
** This is a cylindrical proportional counter lined with 0.32 em of polyethylene. The counter is filled with a mixture of 96o/oAr and 4o/o C0 2 to a pressure of 1 atm. Sensitivity of the counter is essentially proportional to the energy flux density of neutrons. The counter will be called "PE counter" throughout this paper. wall thickness. The composition of the fluid was close to that of human tissue and is listed in Table 2 .
Fast neutron exposure
Fast neutron exposure to NTA films was made in. open air to reduce the fraCtion of scattered neutrons. The phantom and the neutron ·source were set up as shown in Fig. 1 , and the phantom was rotated at 1 rpm.
An NTA film packet worn on the surface of the phantom was exposed
to the neutron source, which was fixed at 100 em from the center of the phantom. By rotating the phantom, the exposure condition was made similar to that in practice. For comparison, neutron exposures to NTA film packets rotated or fixed in free air were also made in the ) same manner. To study the effect of the human body as a reflector or a shield of incident neutrons, NTA film packets worn on the fixed phantom were exposed to neutrons with several directions of incidence.
The exposure time was chosen so that the neutron fluence · e_xposure
. was between 3 X 10 n/cm and 10 n/cm . This assured that the . .
. . The exposure of NTA films to accelerator neutrons was made in the stray neutron field outside the thick concrete shield of the Bevatron.
Both NTA film packets --on the rotating phantom and in free air --were set up at 100 em above the EPB roof shielding of the Bevatron. The moderated BF 3 counter and the PE counter were also set up at 50 em from the film packets and the phantom. During the neutron exposure, all pulses from the counters were integrated. After the exposure,
counts from the BF 3 counter were converted to neutron fluence; those from the PE counter were converted to energy fluence.
The methods of neutron measurement with a moderated BF 3 counter and a PE counter have been limited to neutron energies below 20 MeV. At high-energy accelerators, however, the contribution to dose equivalent by neutrons of energy greater than 20 MeV is substantial.
In this experiment, therefore, an attempt was made to estimate the neutron fluence of energy greater than 20 MeV received by the NTA film packets during the exposure. The method used was the following:
The flux density of stray neutrons of energy greater than 20 MeV was * measured by carbon detectors at the EPB roof of the Bevatron. At the same time_, the flux density and the energy flux density of the neutrons of lower energy were measured by the moderated BF 3 counter and the PE counter, respectively. The ratios of the neutron density obtained by carbon detectors, <j>(C), to that obtained by the BF 3 counter, <j>(BF 3 ), are listed in, Table 3 with average neutron energies E . On the assumption that the relation between the average energy E and the ratio *!'his is a 1720 -gm plastic scintillator. Neutrons of energies greater than 20.4 MeV interact with 12c nuclei in the plastic scintillator to produce 11 C by the (n, 2n) reaction. The plastic scintillator is used both for target material and for 11c detecting medium. ( 3 ) -6-r = cj>(C)/cp(BF 3 ) remained as that shown in Table 3 during the long exposure period, the neutron fluence, <l> (C), of energies greater than 20 MeV was calculated for the NTA film from the following expression:
where cl>(BF 3 ) is the neutron fluence obtained by the mo~erated BF 3 counter, and r(E) is the ratio cj>(C)/cj>(BF :3) corresponding to the average energy E obtained at. the neutron exposure to the film~ The value·of r(E) was obtained by interpolating the data listed in Table 3 . Table 4 . . . ..
CONVERSION OF·NEUTRON FLUENCE TO DOSE EQUIVALENT
In order to determine the response of NTA films in terms of track density per rem, the neutron fluence given to the film during the exposure period was converted to the corresponding dose equivalent
For monoenergetic neutrons of energy E, the dose equivalent rate DER(E) is expressed as
where <f>(E) is the neutron flux.density an~ g(E) is the flux to dose equivalent conversion factor. The conversion factor g(E) has been expressed analytically as a function of neutron energy, (b) and is shown in Table 5 . For neutrons of wide spread energy distribution, the dose equivalent rate DER can be e~pressed by DER =<PIg, (3) where <f> is the total neutron flux density and g is the average conversion factor; g is given by
where <f>(E)dE is the energy distribution of the neutrons, and E and · max .E . are appropriate energy limits. m1n
The energy distribution of fiss~on neutrons from 252 Cf can be fitted with a Maxwell-ian distribution,(?) and is given by
n where K is a constant, E is energy of neutrons, and E is the n Maxwellian energy of the energy distribution and is equal to two-thirds of the average energy E.
From equations (4) and (5), and the conversion factor given in 
Bevatron neutrons
For neutrons with a broad energy distribution such as high-energy accelerator neutrons, the dose equivalent rate can be calculated from the neutron flux densities obtained by two or three kinds of detector.
In the case of a moderated BF 3 counter and a carbon detector, dose equivalent rate DER is given by ( 6 ) [ <I>(BF 3 )
DER (mrem/h) = 1.13 8 . 0
where <I>(BF 3 ) and <!>(C) are the neutron flux densities in n/cm 2 -sec.
Integrating Eq. (6) over time, the dose equivalent DE is -10-
where ~(BF 3
) and ci>(C) ·are the neutron fl.uences in n/cm 2 to which .
. the moderated BF 3 counter and the carbon counter are sensitive.
From Eq. (7), the dose equivalent of the neutron e::q>osure at the I Bevatron was estimated. The average conversion factors used for the dose equivalent estimation in this experiment are listed in Table 6 .
RESULTS
Dividing the number of observed tracks per microscope field by both the dose equivalent e::q>osure and the area of the field . The response obtained for NTA films positioned both in free air (front-normal incidence) and on the phantom (phantom rotated) are plotted with average neutron energies in Fig. 3 ; the response of NTA films calculated by Lehman ( 1 ) is also shown. The response has been calculated for monoenergetic neutrons with front-normal incidence, and originally expressed in track units (tracks/cm 2 per 10 4 n/cm 2 ). Thus the detectable density of proton tracks in the film is limited statistically by the number of microscop~ fields scanned and the background track density. In this_ study, we discuss the relationbetwe_en the detectable limit of track density, background trackdensity, and number of fields to be scanned.
Assuming that the net track density N has a standard deviation cr which does not exceed a certain fraction of thenet track density kN, N is expressed as
In this d~scussion, the detectable limit of track density Nd with relative standard error k is defined to be the minimum value of N which satisfies Eq. (8), and is
According to the assumption that the distribution of track densities observed in the film is the Poisson distribution, the standard deviation of the net track density Nd is expressed as
where Nb is the background track density, and F and Fb are the numbers of fields scanned for the sample film and for the control film, respectively.
In routine track counting, the number of fields to be scanned per film is usually limited so that track c.ounting for a large number of· films will be completed within a given time, and is :i:nuch smaller than that of the control film. Then, the standard deviation can be given by ( 11) From Eqs. (9) and (11), Nd becomes
From Eq. (12), it is obvious that the detectable limit of track density is a function of acceptable standard error k, number of fields to be scanned F, and background track density Nb. of k and Nb, and the results are shown in Fig. 6 . lithe background track density is below 0.1 t/f and standard error of 20% is acceptable for the track counting, the detectable limit .of track density is 1 t/f for 25 fields scanned.
Detectable Limit of Dose Equivalent
The ~~tectable limit of ~ose equivalent DEd with acceptable standard error k is defined to be the dose equivalent corresponding to the detectable limit of track density N d' an'd is expressed as
where S is the area of the microscope field, R is the response of NTA films worn on the phantom for isotropic exposure, and Nd is given by Eq. (12).
As shown in Figs. 3 Run ll) for Bevatron neutrons, Nb = 0.05 t f, and S = 6.0 X 10 em f. Figure 7 shows the detectable limit of the dose equivalent as a function
.. per mrem. The results are summarized as follows:
(1) For average energy below 3 .MeV, the responset~ neutrons of broad energy distribution is quite low compared with that of monoertergetic ·neutrons.
(2) · In. the case of isotropic exposure, the response of NTA films· worn on the phantom was 3.9 t/cm 2 -mrem for 252 cf fission neutrons, . 2 . 238 . 2 of 9.2 t/cm -mrem for PuBe neutrons, and 11.9 t/cm-mrem for Bevatron neutrons. For slow neutrons below the ~d-cutoff energy, the response (without phantom) was 26.5 t/cm~ mrem.
(3) · In the case of an isotropic exposure, the response of NTA films worn on the phantom was slightly low compared with the response obtained in free air, and the ratio of these responses was nearly constant (= 0. 7 ± 0.1) over the energy range exaniined.
The relation between statistical error, number of microscope fields scanned, and detectable limit of proton traclc density was discussed; and the detectable limit of track density was expressed by a simple function of acceptable standard error, number of fields to be scanned, and background track density. Based on the detectable limit of track density and the measured response of NTA films, the detectable 
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(1) Average neutron energies were measured by FE and BF 3 counters calibrated with PuBe # 582. • -21- ...
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